Electrical current mismatching is a well-known limitation of triple junction solar cells that lowers the final conversion efficiency. Several solutions have been proposed to face this issue, including the insertion of a multiple quantum well structure as the intermediate junction's active material. With a better matching in the current among the junctions, the total current increases, thus modifying the working conditions of the overall device. In this way, the InGaP top junction needs to be optimized to such new condition. In this work, numerical simulations were carried out aiming the enlargement of the electrical current density of an InGaP pn junction to achieve the proper current matching in triple junction solar cells for spatial applications. The optimized structure has been grown on a GaAs substrate and characterized as a single junction solar cell. Although the measured short circuit current density and conversion efficiency are still well below the theoretically predicted values, processing improvement should lead to adequate cell performance.
I. INTRODUCTION
Multijunction solar cells (MJSC) hold the world record efficiency of 46% under concentrated sunlight for conversion of solar energy into electricity for terrestrial applications [1] . This type of device consists of two or more pn junctions connected monolithically in series, each one being responsible for the absorption of a specific solar radiation wavelength range. Since the pn junctions are in series, the total electrical current of the device is limited by the lowest current generated in the junctions. Therefore, the individual junctions operate away from their maximum power point, which lowers the final efficiency. Thus, current matching is a requirement to keep improving efficiencies of such devices [2] .
In a triple junction solar cell designed for spatial applications, the ideal bandgap energy combination are 0.74 / 1.18 / 1.82 eV [3] . So Ge and In0.5Ga0.5P, with bandgap energies of 0.67 eV and 1.80 eV at 300 K are good candidates as bottom and top junctions, respectively. However, by using Ge as the bottom junction and substrate, it is not possible to find a lattice matched III-V semiconductor material to be used in the intermediate junction. In order to overcome this difficulty, the use of multiple quantum well structures, which can provide an effective bandgap of 1.18 eV, has already been reported using InGaAs/InGaP [4] and InGaAs/GaAsP [5] . For spatial applications, the former proposal would be more suitable, given its improved hardness for high energy exposure [6] . An intermediate junction showing optimized operation conditions would produce a larger current, consequently, both the top and the bottom junctions must be redesigned to produce a current that satisfies the new matching conditions.
In this work, we present a theoretical study on the optimization of InGaP solar cells in order to be used as top junction of a triple junction solar cell for spatial application. Contrary to previous work [7, 8] , which have optimized the single InGaP based junction, the investigated InGaP solar cell is redesigned so as to provide a current matching with the state of the art lower junctions. In Section II, we present the simulation details and results. After simulations, we grew the optimal structures and fabricated the devices. The experimental details are given in Section III and the device's characterization results and the related discussion are in Section IV. In Section V the concluding remarks are presented.
II. SIMULATION DETAILS
Numerical simulations were performed using the software SCAPS developed by the University of Gent, Belgium [9] . In the software, the Poisson equation (1) and continuity equations for electrons (1b) and holes (1c) are solved for a given layer structure in order to determine both the diffusion current (2a) and the drift current (2b) for both types of charge carriers using the Gummel iteration scheme with Newton-Raphson sub-steps in one dimension. 
ε is the material dielectric permissivity, q is the electron charge, n and p are the electron and hole concentration densities, respectively, NAand ND + are the full ionized acceptor and donor dopants concentration, respectively, ρdefect is the defect concentration density, G the generation rate, U the recombination rate, J d the diffusion current and J D the drift current, D the diffusion coefficient, and μ the carrier mobility. Finally, J = J d + J D is the total current. The software provides J x V curves, band diagram and external quantum efficiency of the simulated structure as output. The simulations were carried out for spatial conditions, meaning that we used AM0 as the input solar spectrum.
As a starting point for the structure, we used the results published by Takamoto et al [10] , in which we have replaced the ternary material of the window and back surface field (BSF) layers by the quaternary InGaAlP lattice matched to GaAs. The materials' parameters were taken from ref. [11, 12] . The optimized structure obtained by the simulation is depicted in Fig. 1 . The materials and layer parameters (doping level and thickness) for the optimized structure were chosen according to the current matching condition. We considered that the short circuit current density (JSC) in an optimized triple junction solar cell would be close to 20 mA/cm 2 [13] . Furthermore, it is important to mention that the optimization followed a semi-empiric approach in which the parameters of the structure presented in Fig. 1 are not only based on simulation results, as shown in the next paragraphs, but also on limitations in the growth to achieve certain doping levels and compositions.
As discussed previously, the bandgap energy of the In0.5Ga0.5P emitter and base layers, lattice matched to GaAs, should be around 1.84 eV for optimal energy harvesting. This implies that the ternary should be ordered, otherwise its bandgap will be larger [14] , reducing absorption and, therefore, the short-circuit current density.
In Fig. 2a , it is possible to see that changes in the emitter thickness do not lead to large variations in JSC, which has its peak for 80 nm, the chosen value for this layer thickness. As for the doping level, according to Fig. 2b , lower doping levels shall lead to higher JSC. The base is optimized with a thick and low doping level layer. The values of 1000 nm for thickness and 2x10 17 cm -3 for doping level were chosen for this layer.
A quaternary InGaAlP was used as window and Back Surface Field (BSF) layers due to its large bandgap energy, around 2.0 eV. The thicknesses and doping levels of these layers were varied in the simulations and the JSC was recorded systematically to generate the color maps shown in Fig. 4 . As can be seen in Fig. 4a , the thinner and the more doped the window layer, the higher the short-circuit current density. On the other hand, Fig. 4b shows that if the BSF is highly doped, changes in thickness do not lead to improvements in short-circuit current density. The choice of the window and BSF layers' parameters was based on these trends.
After electrical characteristics' simulations, the J x V curve of the final structure is obtained, from which the figures of merit can be extracted. They are summarized in Table 1 . Voc stands for open circuit voltage. 
III. FABRICATION DETAILS

A. Sample growth
The samples were grown by conventional metalorganic vapor phase epitaxy [15] on a semi insulating GaAs (100) substrate at 675 ºC and 100 mbar. The metalorganic precursors used were trimethilgalium, trimethilaluminum and trimethilindium, while the hydrides were arsine and phosphine. For p and n doping, dimethilzinc and silane were used, respectively.
The individual layers, grown to calibrate the deposition conditions, were characterized by photoluminescence (PL) at room temperature using the 532 nm line of a doubled frequency VERDI laser. X-ray diffraction was used to determine the alloys' composition and lattice mismatch using a Bede Scientific -QC2a equipment. The doping level of the different layers was determined using either a BIO-RAD Hall system or a capacitance-voltage (CV) profiler. Table 2 shows the PL peak energy, the doping level and the lattice parameter mismatch of the different layers. The results in Table 2 clearly show that the bandgap energy of both the ternary and quaternary materials are in full agreement with the desired values of 1.84 eV and above 1.90 eV, respectively, as mentioned in section II. The doping level for the AlGaInPn and InGaPp layers were measured by Hall effect and are close to the values obtained in the simulation, shown in Fig.1 . The doping of the AlGaInPp layer was not performed during growth. It occurred by diffusion from the highly doped GaAs-p buffer layer below. Its characterization was made by capacitance-voltage measurement and provided a doping level below the expected one. This may be explained, partly due to the difficulty in controlling the diffusion process and partly due to the dopant used.
The Matthews and Blakeslee theory [16] was used to determine the critical thickness of the mismatched layers. Table 3 shows the obtained values along with the nominal grown thicknesses of the different layers. As can be seen in Table 3 , the grown thickness for each layer is lower than the critical one. Following this calibration of the growth conditions for the individual layers, the solar cell structure was grown.
IV. SOLAR CELL CHARACTERIZATION AND DISCUSSION
Solar cells were fabricated by conventional photolithography techniques in order to define 4.83, 10.25 and 27.08 mm 2 mesa structures. The mesa were etched using 3HCl:1H2O solution with an 800 nm/min etching rate [17] . Fig. 5 shows an optical microscopy image of a 10.25 mm 2 solar cell for illustration. The electrical contacts were deposited by e-beam evaporation, in which Ni/Ge/Au and Ti/Pt/Au were used for the n and p contacts, respectively. Table 4 shows the obtained contact resistivity, which is within an acceptable range for ohmic contact. The obtained Voc is almost the same as the value expected from the simulation, as shown in Table 1 . The fill factor (FF), although 13% lower than the simulated value, is still satisfactory, since the literature record is 86% [18] . One notices in Fig. 6 that the slope of the J x V curve for voltages around Voc is smaller than desired. This effect is associated with a series resistance, which should be reduced with improved metal contact processing.
As for the considerably lower Jsc measured, compared to the simulated one, there are several possible reasons to explain it. First, it should be noted that the simulated data does not exclude the reflected radiation power, which is about 30% when there is no antireflection coating. Excluding this 30%, the simulated current is reduced to 15.03 mA/cm 2 , 48% higher than the measured one. Another important feature is that, despite not visible in Fig. 5 , there was a strong underetching during the definition of the mesa structures. This reduces absorption of photons in the relevant region for photovoltaic conversion. In order to minimize or even avoid the underetch, a lower etching rate should be used in the fabrication to better control the process. The use of another acid solution such as xH2P2O4:yH2O should lead to a lower etching rate. A third factor which may play an important role is the low doping obtained for the BSF layer. A higher doping should lead to a reduction in current loss. A higher p doping in Al containing material would require possibly a change of dopant to C instead of Zn. The low efficiency obtained is, predominantly, a consequence of the low Jsc.
In order to better understand the obtained results, the dark J x V curve was measured to evaluate the diode characteristics of the solar cell and the result is depicted in Fig. 7 . As can be seen in Fig. 7 the ideality factor n obtained is slightly greater than two. Breitenstein et al [19] have indicated that an ideality factor above two represents multilevel recombination mechanisms. Additionally, in this figure, for bias above 1.2 V, it is possible to observe that the curve departs from the blue dashed straight line used to determine the ideality factor. The lower inclination is associated with a series resistance, consistent with the analysis presented in the discussion associated with Fig. 6 , where the J x V curve under illumination already reveals the presence of a non-negligible series resistance.
Finally, electroluminescence was used to evaluate the charge carriers' recombination. Fig. 8 depicts an image of the electroluminescence of the cell with an injected current of 6.4 mA. As can be clearly seen, the luminescence of the sample is somewhat uneven, mainly on the sides, probably due to the underetching of the mesa, as mentioned before. An intense luminescence is observed as a consequence of recombination occurring most likely in the depletion region, as already indicated by the fact that the ideality factor is at least two [20] . However, one notices dark areas in the electroluminescence image, revealing that in these regions nonradiative recombination prevails. It is possible that the contacts were not homogeneous leading to an uneven injection of current over the solar cell.
V. CONCLUSION
Numerical simulations were carried out to determine the optimal InGaP solar cell structure to be the top cell of a triple junction device, with current matching to a multiple quantum well intermediate junction, for spatial applications. A solar cell with the simulated structure was fabricated and characterized. The Voc and FF obtained are consistent with the theoretically predicted values, however, reduction in current losses and series resistance are mandatory to achieve the desired current matching for a multiple junction solar cell. Such reduction in current losses should be achieved with further improvement in the processing steps of the device and raise of the doping level of the BSF layer. Since the low Jsc obtained is, predominantly, the reason for the low solar cell efficiency, this approach should lead to a solar cell performance that matches the level expected by the simulation.
